A new self-powered magnetorheological (MR) damper control system was developed to mitigate cable vibration. The power source of the MR damper is directly harvested from vibration energy through a rotary permanent magnet direct current (DC) generator. The generator itself can also serve as an electromagnetic damper. The proposed smart passive system also incorporates a roller chain and sprocket, transforming the linear motion of the cable into the rotational motion of the DC generator. The vibration mitigation performance of the presented self-powered MR damper system was evaluated by model tests with a 21.6 m long cable. A series of free vibration tests of the cable with a passively operated MR damper with constant voltage, an electromagnetic damper alone, and a self-powered MR damper system were performed. Finally, the vibration control mechanisms of the self-powered MR damper system were investigated. The experimental results indicate that the supplemental modal damping ratios of the cable in the first four modes can be significantly enhanced by the self-powered MR damper system, demonstrating the feasibility and effectiveness of the new smart passive system. The results also show that both the self-powered MR damper and the generator are quite similar to a combination of a traditional linear viscous damper and a negative stiffness device, and the negative stiffness can enhance the mitigation efficiency against cable vibration.
Introduction
Due to high flexibility, low inherent damping, and relative small mass, long stay cables are often susceptible to excessive vibrations under various environmental excitations. Large oscillations may result in undue stresses or fatigue failure in cables or connections, which is detrimental to the serviceability and safety of the entire cable-stayed bridge. Hence, it is of great importance to mitigate cable vibrations. Transversely attached dampers near the anchorage of the cable are one of the most common solutions to this problem. However, the performance of passive viscous dampers in mitigating cable vibration is greatly restricted by the small ratio of the distance from the cable anchorage to the damper over the length of the cable [1] . This may cause the supplemental damping induced by a passive damper to be insufficient to eliminate the problematic vibrations of long stay cables without significantly detracting from the aesthetics of the bridge.
As a more promising solution, semi-active control has been proposed to enhance performance since it offers the capability of active control devices without the requirement of large power resources [2] . In particular, magnetorheological (MR) dampers have attracted extensive attention from In addition, the EMF induced by the generator is proportional to the velocity of the stay cable [32] , which implies that both the supply EMF/current and the damping force will increase with the increase in cable vibration. Consequently, the proposed self-powered MR damper system is expected to be capable of adaptively attenuating cable vibration without an external power supply or any controller. Nonetheless, the system is actually passive.
Linear-to-Rotational Conversion
To ensure that the reciprocating linear motion of the stay cable can be converted into the bidirectional rotational motion of the sprocket and the rotary DC generator, a pre-tensioned spring is connected to the chain to guarantee that the chain is able to move back and forth with the cable (Figure 1 ). The stiffness coefficient of the spring should be suitable so that the chain can always keep straight without providing excessive extra tension force to the stay cable. In addition, the initial elongation of the spring should be larger than the predicted amplitude of the cable at the location of the generator. Thus, the linear motion of the cable is successfully translated into the rotational motion of the rotary DC generator. The relationship between the angular velocity of the generator θ  and the linear velocity of the stay cable u  is given as
where η is the transmission efficiency of the linear-to-rotational conversion, expressed as
where r is the effective transmission radius of the sprocket.
Model and Test of a Rotary DC Generator
The equivalent circuit model of a rotary DC generator is depicted in Figure 2 . The back EMF of the generator Vg is expressed as In addition, the EMF induced by the generator is proportional to the velocity of the stay cable [32] , which implies that both the supply EMF/current and the damping force will increase with the increase in cable vibration. Consequently, the proposed self-powered MR damper system is expected to be capable of adaptively attenuating cable vibration without an external power supply or any controller. Nonetheless, the system is actually passive.
Linear-to-Rotational Conversion
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where r is the effective transmission radius of the sprocket. 
Model and Test of a Rotary DC Generator
The equivalent circuit model of a rotary DC generator is depicted in Figure 2 . The back EMF of the generator V g is expressed as
where K e denotes the back EMF constant. According to Kirchhoff's law, the voltage in the circuit should be in balance as follows:
where I denotes the current flow in the circuit; L g and R g represent the inductance and resistance of the generator, respectively; and R L s the load resistance in the circuit. Applying the Laplace transform to Equations (3) and (4), the transfer function of the current I can be obtained using
where U(s) and I(s) are the Laplace transform of u(t) and I(t), respectively.
Equations (3)- (5) indicate that the amplitude of the current flow I is proportional to the back EMF coefficient K e and the cable velocity at the generator location (i.e., displacement amplitude and frequency of the cable), while it is inversely proportional to the effective transmission radius of the sprocket.
Consequently, the output voltage U output and the output power P output of the generator can be respectively given as
Equation (6) indicates that the output power of the generator is proportional to the square of the current flow in the circuit, which mainly relates to the square of the cable's displacement amplitude and frequency at the location of the generator. 
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Equation (6) indicates that the output power of the generator is proportional to the square of the current flow in the circuit, which mainly relates to the square of the cable's displacement amplitude and frequency at the location of the generator. Experimental study on the rotary DC generator was conducted to illustrate its potential to provide the power supply for an MR damper. The rotary DC generator adopted in the test is a commercial CFX-04 speed-measuring permanent magnet DC motor, as shown in Figure 3a . The mass of the generator is 3.7 kg, and the maximum angular velocity can reach as much as 2800π/min. The internal resistance of the generator is 6.4 Ω.
To acquire the back EMF constant of the generator, the shaft of the generator was forced to rotate synchronously with a servomotor at different rotational speeds, as shown in Figure 3b . Figure  4 shows the relationship between the back EMF and the rotational speed of the generator. Finally, the back EMF constant Ke of the generator was identified as 0.0594 v/(r/min). Experimental study on the rotary DC generator was conducted to illustrate its potential to provide the power supply for an MR damper. The rotary DC generator adopted in the test is a commercial CFX-04 speed-measuring permanent magnet DC motor, as shown in Figure 3a . The mass of the generator is 3.7 kg, and the maximum angular velocity can reach as much as 2800π/min. The internal resistance of the generator is 6.4 Ω.
To acquire the back EMF constant of the generator, the shaft of the generator was forced to rotate synchronously with a servomotor at different rotational speeds, as shown in Figure 3b . Figure 4 shows the relationship between the back EMF and the rotational speed of the generator. Finally, the back EMF constant K e of the generator was identified as 0.0594 v/(r/min). Next, the chain in the linear-to-rotational conversion mechanism was subjected to sinusoidal excitations with ten different frequencies ranging from 0.5 Hz to 5 Hz at amplitudes of 5 mm and 10 mm, respectively. The external load in the circuit was 15 Ω. The output voltage of the generator was measured. A laser vibrometer was used to monitor the linear displacement of the excitation. The corresponding experimental setup is shown in Figure 5 , and all the data were recorded using the Donghua Data Acquisition System. Next, the chain in the linear-to-rotational conversion mechanism was subjected to sinusoidal excitations with ten different frequencies ranging from 0.5 Hz to 5 Hz at amplitudes of 5 mm and 10 mm, respectively. The external load in the circuit was 15 Ω. The output voltage of the generator was measured. A laser vibrometer was used to monitor the linear displacement of the excitation. The corresponding experimental setup is shown in Figure 5 , and all the data were recorded using the Donghua Data Acquisition System. Next, the chain in the linear-to-rotational conversion mechanism was subjected to sinusoidal excitations with ten different frequencies ranging from 0.5 Hz to 5 Hz at amplitudes of 5 mm and 10 mm, respectively. The external load in the circuit was 15 Ω. The output voltage of the generator was measured. A laser vibrometer was used to monitor the linear displacement of the excitation. The corresponding experimental setup is shown in Figure 5 , and all the data were recorded using the Donghua Data Acquisition System. Next, the chain in the linear-to-rotational conversion mechanism was subjected to sinusoidal excitations with ten different frequencies ranging from 0.5 Hz to 5 Hz at amplitudes of 5 mm and 10 mm, respectively. The external load in the circuit was 15 Ω. The output voltage of the generator was measured. A laser vibrometer was used to monitor the linear displacement of the excitation. The corresponding experimental setup is shown in Figure 5 , and all the data were recorded using the Donghua Data Acquisition System. It is shown that both the output voltage and the output power are quite dependent on the frequency and the amplitude of the vibration source. Hence, it can be inferred that energy harvesting in civil engineering structures vibrating with low amplitudes and frequencies is quite challenging. However, the electrical energy harvested by the rotary DC generator in this paper is enough to provide a power supply to a small-scale MR damper with a low power requirement. respectively. It is shown that both the output voltage and the output power are quite dependent on the frequency and the amplitude of the vibration source. Hence, it can be inferred that energy harvesting in civil engineering structures vibrating with low amplitudes and frequencies is quite challenging. However, the electrical energy harvested by the rotary DC generator in this paper is enough to provide a power supply to a small-scale MR damper with a low power requirement.
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Experimental Setup

Experimental Platform
To evaluate the vibration control performance of the presented self-powered MR damper system, an experimental platform with a 21.6 m long scaled cable was established in the laboratory. Figure 7 illustrates the general layout of the experimental setup, while corresponding photos are shown in Figure 8 . The main properties of the model cable are listed in Table 1 . Lumped masses at 160 mm intervals were arranged along the cable to ensure that the model cable had similar dynamic characteristics with those on real cable-stayed bridges. The RD-1005-3 MR damper, manufactured by the Lord Corporation (Cary, NC, USA) (http:www.lord.com), was transversely attached 0.48 m (i.e., 2.2% of the cable length) from the end of the cable, incorporating a load cell and a displacement sensor to monitor the response of the MR damper. This damper type was once applied to suppress the cable vibration in the Dongting Lake Bridge [10] . The rotary DC generator was attached 1.08 m (i.e., 6% of the cable length) from the end of the cable; A laser vibrometer and a load cell were also attached to measure the linear displacement and the total force of the generator, respectively. The elastic force due to the pre-tensioned spring was also measured with a load cell. The output voltage of the DC generator applied to the MR damper was recorded. An accelerator was installed at 12.5% relative to the cable length to measure the cable acceleration, which was then adopted to identify the modal damping ratios of the cable. 
Experimental Setup
Experimental Platform
Experimental Procedure and Data Processing
A series of free vibration tests were conducted to assess the performance of the self-powered MR damper system in terms of reducing cable vibration. Four test cases were considered, including an uncontrolled cable, a passively operated MR damper with constant voltage, the electromagnetic damping alone generated by the rotary DC generator, and the self-powered MR damper system.
The cable was excited manually at its natural frequencies in the first four modes, respectively. The excitation rope was not released until the amplitude of the vibration reached a certain level. To get a better acceleration signal with one target mode of the cable, the excitation position for the first two modes was located at 1/4l away from the anchorage of the cable, but was moved to 1/10l away 
The cable was excited manually at its natural frequencies in the first four modes, respectively. The excitation rope was not released until the amplitude of the vibration reached a certain level. To get a better acceleration signal with one target mode of the cable, the excitation position for the first two modes was located at 1/4l away from the anchorage of the cable, but was moved to 1/10l away from the anchorage for the third and the fourth modes. The acceleration signals at the evaluation measurement point were filtered through the band pass filter in MATLAB. Accordingly, the free decay acceleration curve of the cable with almost one single target mode was obtained, and the natural frequencies of the cable were directly identified via the time-domain method.
Generally, the modal damping ratios of structures can be identified using the logarithmic attenuation rate of free decay responses, which works well for exponentially decaying vibrations. However, the modal damping ratios of the cable may be dependent on the amplitude of the cable when the cable is equipped with nonlinear control devices, such as the passively operated MR dampers. The induced problem of amplitude-dependent damping ratio values when a nonlinear damper is attached to the cable has been well described in [33, 34] . Nevertheless, except for the case of a passively operated MR damper with constant voltage, cable vibrations decay exponentially. Therefore, a uniform method to identify the modal damping ratios of a cable to which different control devices are attached needs to be defined to compare control performance. In this paper, the logarithmic decrement method was finally adopted, and the first 20 cycles from the same amplitude of free decay acceleration of the cable at the evaluation measurement point were selected to form an estimate of the damping ratios of the cable for each mode. The natural frequencies and modal damping ratios of an uncontrolled cable in the first four modes were identified, and are listed in Table 2 . Figure 9 shows the modal damping ratios in the first four modes of the test cable controlled by a passively operated MR damper with constant voltage. As expected, there is an optimum voltage corresponding to a maximum modal damping ratio for each mode of the cable. Generally, lower voltage input seems to be better for a higher-order mode except for the first mode of the cable. In this study, 0.5 V was finally selected as the optimal constant voltage for the passively operated MR damper since it can perform quite well for all of the first four modes of the cable.
Experimental Results and Discussion
The Stay Cable with a Passively Operated MR Damper
Taking the second mode of the cable as an example, the entire time histories of accelerations at the observation point of the cable with a passively operated MR damper attached are shown in Figure 10 . It can be seen that acceleration amplitudes continuously increase with steady external excitation at the first stage, and then decay after the release of excitation. Figure 10 illustrates that the MR damper operated in passive-on mode (i.e., 1 V voltage) can only work well when the amplitude of the cable is relatively large. When the amplitude of the cable falls below one threshold, the MR damper may be locked and lose its energy dissipation capacity. As clearly shown in Figure 10c , the supplemental modal damping due to the MR damper gets quite small after 20 s. Therefore, the performance with a passive-on operated MR damper will be substantially reduced for the case of cable vibration with low amplitude. For the passive-off mode (i.e., 0 V voltage) of the MR damper, the acceleration amplitudes decay exponentially with a low damping ratio in all stages of the vibration, demonstrating amplitude-independent damping behavior. Hence, the MR damper operated in the optimal passive mode (i.e., 0.5 V voltage) may be a better choice as it has benefits from both the passive-on and passive-off modes. Figure 9 shows the modal damping ratios in the first four modes of the test cable controlled by a passively operated MR damper with constant voltage. As expected, there is an optimum voltage corresponding to a maximum modal damping ratio for each mode of the cable. Generally, lower voltage input seems to be better for a higher-order mode except for the first mode of the cable. In this study, 0.5 V was finally selected as the optimal constant voltage for the passively operated MR damper since it can perform quite well for all of the first four modes of the cable. Taking the second mode of the cable as an example, the entire time histories of accelerations at the observation point of the cable with a passively operated MR damper attached are shown in Figure 10 . It can be seen that acceleration amplitudes continuously increase with steady external excitation at the first stage, and then decay after the release of excitation. Figure 10 illustrates that the MR damper operated in passive-on mode (i.e., 1 V voltage) can only work well when the amplitude of the cable is relatively large. When the amplitude of the cable falls below one threshold, the MR damper may be locked and lose its energy dissipation capacity. As clearly shown in Figure 10c , the supplemental modal damping due to the MR damper gets quite small after 20 s. Therefore, the performance with a passive-on operated MR damper will be substantially reduced for the case of cable vibration with low amplitude. For the passive-off mode (i.e., 0 V voltage) of the MR damper, the acceleration amplitudes decay exponentially with a low damping ratio in all stages of the vibration, demonstrating amplitude-independent damping behavior. Hence, the MR damper operated in the optimal passive mode (i.e., 0.5 V voltage) may be a better choice as it has benefits from both the passive-on and passive-off modes. 
Experimental Results and Discussion
The Stay Cable with a Passively Operated MR Damper
The Stay Cable with Electromagnetic Damping Alone
To investigate the effect of electromagnetic damping alone on the vibration mitigation performance of the cable, two circuits of the generator were considered. One is a short circuit, and the other is loaded with an MR damper. However, the MR damper herein is not attached to the cable. The main difference between them is that the resulting equivalent damping coefficients for the case of the short circuit are larger than those for the other case.
The test results are summarized in Table 3 , where the supplemental modal damping ratios are derived from the subtraction between the identified value with the electromagnetic damping and the uncontrolled case. It is noted that the supplemental damping ratio of the cable controlled by the electromagnetic damping alone is pretty limited, and the supplemental modal damping ratios of the same mode in the short circuit case are always larger than those in the circuit loaded with the MR damper. In addition, the supplemental modal damping ratio continuously increases with the increase of the mode order for both of the circuits. However, the supplemental modal damping ratio of the cable with the electromagnetic damping alone is much smaller than the theoretical maximum 
The test results are summarized in Table 3 , where the supplemental modal damping ratios are derived from the subtraction between the identified value with the electromagnetic damping and the uncontrolled case. It is noted that the supplemental damping ratio of the cable controlled by the electromagnetic damping alone is pretty limited, and the supplemental modal damping ratios of the same mode in the short circuit case are always larger than those in the circuit loaded with the MR damper. In addition, the supplemental modal damping ratio continuously increases with the increase of the mode order for both of the circuits. However, the supplemental modal damping ratio of the cable with the electromagnetic damping alone is much smaller than the theoretical maximum damping ratio induced by an ideal linear viscous damper (3%). This is mainly because the damping coefficient of the generator is much smaller than the corresponding optimum value. Therefore, the test results above imply that the generator can serve as an alternative damper for cable vibration control, and its efficiency can be further enhanced through optimum design of the generator system. The relationship between the damping force and the linear displacement of the generator is shown in Figure 11 . The damping characteristics of the generator are very similar to those of a combination of a traditional linear viscous damper and a negative stiffness device in the higher-order mode of the cable. It is noteworthy that the negative stiffness component of the generator is not visible in the 1st mode, which is mainly due to the fact that the negative stiffness of the generator for the 1st mode of the cable is smaller than its internal stiffness. The relationship between the damping force and the linear displacement of the generator is shown in Figure 11 . The damping characteristics of the generator are very similar to those of a combination of a traditional linear viscous damper and a negative stiffness device in the higher-order mode of the cable. It is noteworthy that the negative stiffness component of the generator is not visible in the 1st mode, which is mainly due to the fact that the negative stiffness of the generator for the 1st mode of the cable is smaller than its internal stiffness. In fact, the total force Fg of the rotary DC generator can be divided into the inertial force FI and the electromagnetic damping force Fd [35] . This relationship can be expressed as
When the rotary DC generator is applied to mitigate cable vibration, we have
where kg, me, and ceq represent the equivalent stiffness, the inertial mass, and the damping coefficient of the generator, respectively; u and ωi denote the displacement and the natural frequency of the In fact, the total force F g of the rotary DC generator can be divided into the inertial force F I and the electromagnetic damping force F d [35] . This relationship can be expressed as
where k g , m e , and c eq represent the equivalent stiffness, the inertial mass, and the damping coefficient of the generator, respectively; u and ω i denote the displacement and the natural frequency of the cable in the ith-order mode, respectively. The inertial mass is generated from the rotary part (i.e., rotor) of the generator. Equation (8) indicates that the negative stiffness of the rotary DC generator is proportional to the natural frequency of the cable, demonstrating frequency-dependent behavior. In other words, a higher mode of the cable corresponds to a larger negative stiffness. Accordingly, experimentally identified equivalent damping coefficients and stiffness coefficients are shown in Figure 12 . As expected, the damping coefficient almost remains a constant with the increase of the mode order of the cable for each circuit, while the negative stiffness increases with the increase of the mode order. However, the optimum negative stiffness for a stay cable does not depend on the mode number [36, 37] . Hence, the DC generator with frequency-dependent negative stiffness may be better than viscous damping only, but is still suboptimal when compared with optimum viscous damping with negative stiffness for cable vibration control.
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The Stay Cable with a Self-Powered MR Damper System
Figures 13 and 14 give the time histories of the acceleration of the cable, the input voltage, and the damping force of the self-powered MR damper in the first and fourth modes, respectively. As expected, the voltage induced by the generator can successfully make the MR damper operate normally, and both the input voltage and damping force increase with the increase of mode order. The shapes of the curves for the acceleration, the input voltage, and the damping force are quite similar. It can be seen that the acceleration amplitudes of the cable decay exponentially, indicating that the damping force of the self-powered MR damper is proportional to the collocated velocity of the cable. In other words, the self-powered MR damper works as a linear viscous damper, and velocity feedback control can be achieved inherently. Moreover, the self-powered MR damper system is always dissipative even at small amplitudes of the cable, in contrast to the passively operated MR damper. In addition, the output voltage signal of the generator seems to be accurate enough to sense the velocity of the cable at the generator's location, demonstrating the good potential of the generator as a velocity sensor for the semi-active control of a self-powered MR damper system. Figures 13 and 14 give the time histories of the acceleration of the cable, the input voltage, and the damping force of the self-powered MR damper in the first and fourth modes, respectively. As expected, the voltage induced by the generator can successfully make the MR damper operate normally, and both the input voltage and damping force increase with the increase of mode order. The shapes of the curves for the acceleration, the input voltage, and the damping force are quite similar. It can be seen that the acceleration amplitudes of the cable decay exponentially, indicating that the damping force of the self-powered MR damper is proportional to the collocated velocity of the cable. In other words, the self-powered MR damper works as a linear viscous damper, and velocity feedback control can be achieved inherently. Moreover, the self-powered MR damper system is always dissipative even at small amplitudes of the cable, in contrast to the passively operated MR damper. In addition, the output voltage signal of the generator seems to be accurate enough to sense the velocity of the cable at the generator's location, demonstrating the good potential of the generator as a velocity sensor for the semi-active control of a self-powered MR damper system. velocity feedback control can be achieved inherently. Moreover, the self-powered MR damper system is always dissipative even at small amplitudes of the cable, in contrast to the passively operated MR damper. In addition, the output voltage signal of the generator seems to be accurate enough to sense the velocity of the cable at the generator's location, demonstrating the good potential of the generator as a velocity sensor for the semi-active control of a self-powered MR damper system. The damping ratios in the first four modes of the cable attached with different kinds of dampers are summarized in Table 4 . Except for the first mode, the self-powered MR damper system performs the best among the three control strategies for the left three higher-order modes. The poor performance of the self-powered MR damper in the first mode is mainly due to the sag effect of the model cable [38] . As shown in Table1, the sag parameter (λ 2 ) of the model cable is 16.28, which is much bigger than practical stay cables. Another reason is that the electrical energy harvested from the cable in the first mode may be too small to have a significant influence on the damping force of the MR damper. The control performance of the system can be further enhanced by decreasing the effective transmission radius of the sprocket or moving the rotary DC generator to a higher location. However, the main purpose of this paper is to demonstrate the feasibility of the self-powered MR damper system in reducing cable vibration, and the system may not show the best performance in the test. Hence, the optimum design of the system should be considered in later research, including the relative locations of the generator and the MR damper, the sizes and parameters of both the generator and the MR damper, and the effective transmission radius of the sprocket. The damping ratios in the first four modes of the cable attached with different kinds of dampers are summarized in Table 4 . Except for the first mode, the self-powered MR damper system performs the best among the three control strategies for the left three higher-order modes. The poor performance of the self-powered MR damper in the first mode is mainly due to the sag effect of the model cable [38] . As shown in Table 1 , the sag parameter (λ 2 ) of the model cable is 16.28, which is much bigger than practical stay cables. Another reason is that the electrical energy harvested from the cable in the first mode may be too small to have a significant influence on the damping force of the MR damper. The control performance of the system can be further enhanced by decreasing the effective transmission radius of the sprocket or moving the rotary DC generator to a higher location. However, the main purpose of this paper is to demonstrate the feasibility of the self-powered MR damper system in reducing cable vibration, and the system may not show the best performance in the test. Hence, the optimum design of the system should be considered in later research, including the relative locations of the generator and the MR damper, the sizes and parameters of both the generator and the MR damper, and the effective transmission radius of the sprocket. The hysteretic loops of the self-powered MR damper are shown in Figure 15 . The damping characteristics of the self-powered MR damper are quite similar to a combination of a traditional linear viscous damper and a negative stiffness device in the higher mode. Accordingly, the equivalent damping and stiffness coefficients are identified and shown in Figure 16 . The equivalent damping coefficients are almost the same for the first four modes, while the stiffness coefficient jumps from positive to negative values after the second mode. Moreover, the negative stiffness coefficient increases with an increase in the mode order of the cable. Hence, the self-powered MR damper is found to be similar to the generator with respect to the negative stiffness characteristics. Unlike the self-powered MR damper system in this paper, other mentioned self-powered MR dampers, where the MR damper and the generator are at the same location, have not exhibited negative stiffness behavior [27] . The results imply that the negative stiffness may be attributed to the relative positions of the rotary DC generator and the damper in a self-powered MR damper system. Hence, the proposed self-powered MR damper system, where the generator and the MR damper are separated, seems to be more promising than the conventional, compact self-powered MR damper. However, the effects of the relative positions of the rotary DC generator and the damper on the Unlike the self-powered MR damper system in this paper, other mentioned self-powered MR dampers, where the MR damper and the generator are at the same location, have not exhibited negative stiffness behavior [27] . The results imply that the negative stiffness may be attributed to the relative positions of the rotary DC generator and the damper in a self-powered MR damper system. Hence, the proposed self-powered MR damper system, where the generator and the MR damper are separated, seems to be more promising than the conventional, compact self-powered MR damper. Unlike the self-powered MR damper system in this paper, other mentioned self-powered MR dampers, where the MR damper and the generator are at the same location, have not exhibited negative stiffness behavior [27] . The results imply that the negative stiffness may be attributed to the relative positions of the rotary DC generator and the damper in a self-powered MR damper system. Hence, the proposed self-powered MR damper system, where the generator and the MR damper are separated, seems to be more promising than the conventional, compact self-powered MR damper. However, the effects of the relative positions of the rotary DC generator and the damper on the induced negative stiffness of the self-powered MR damper and control performance of the cable still require further investigation.
Effect of Negative Stiffness of the Damper on the Performance of the Cable
Negative stiffness characteristics of semi-active/active control systems have been found and investigated in the area of structural vibration control [39] [40] [41] [42] . The role of negative stiffness in the semi-active control of magnetorheological dampers has been well demonstrated by Høgsberg [43] . According to the research results above, it has been confirmed that the negative stiffness is capable of improving the energy dissipation ability of a conventional damper. In view of such benefits, several passive negative stiffness dampers were also proposed to enhance the vibration control performance of the cable, such as a viscous damper with a negative magnetic stiffness spring [44] , an oil damper with two pre-compressed springs [45] , and a viscous inertial mass damper [46] .
When a negative stiffness viscous damper is quite close to the cable end, the supplemental modal damping ratio of the stay cable ζ i can be expressed as [36, 40] 
where k and η respectively denote the dimensionless negative stiffness and the dimensionless damping coefficient, which are given by k = ka/T, η = c √ Tm
where a, k, and c represent the location, the negative stiffness, and the damping coefficient of the damper, respectively; T, m, l, and i denote the tension force, the mass per unit length, the length, and the mode order of the cable, respectively. When the optimum damping coefficient c opt is determined by
the maximum modal damping ratio of the cable ζ max i can be obtained as
Equation (12) clearly indicates that the incorporation of negative stiffness into a linear viscous damper can enhance the maximum modal damping ratio of the cable. For the new self-powered MR damper system in this paper, the test results shown in Sections 4.2 and 4.3 have demonstrated that both the self-powered MR damper and the generator are able to exhibit negative stiffness behavior for the higher-order mode of the cable. Additionally, the negative stiffness increases as the mode order of the test cable increases. In summary, the proposed self-powered MR damper control system shows superiority over traditional passive MR dampers or viscous dampers.
Conclusions
To eliminate the power supply problem of a traditional MR damper, a new self-powered MR damper control system was developed based on electromagnetic energy harvesting technology. Unlike other self-powered MR dampers, the MR damper and therotary DC generator are not at the same location on the stay cable in this paper. The feasibility and effectiveness of the new system for suppressing cable vibration was experimentally evaluated via a 21.6 m inclined cable model. The test results indicate that the developed self-powered MR damper system can provide more cable damping than a passively operated MR damper with constant voltage. The increased supplemental modal damping ratios of the cable in the first four modes are mainly attributed to two factors. One is that the self-powered MR damper can exhibit negative stiffness behavior for the case of the higher-order mode of the cable, which is capable of enhancing the control performance; the other is that the rotary DC generator in the self-powered MR damper system also provides supplemental damping to the cable.
Since the main purpose of this paper is merely to demonstrate the feasibility of the self-powered MR damper system in reducing cable vibration, the system may not show the best possible performance in the test. Hence, the optimum design of the system should be considered in later research, including the relative locations of the generator and the MR damper, the sizes and parameters of both the rotary DC generator and the MR damper, and the effective transmission radius of the sprocket.
